Two new occurrences of the lead oxy-sulfosalt chovanite have been identified at the Monte Arsiccio and Pollone mines, Apuan Alps, Tuscany, Italy. Chovanite from Monte Arsiccio occurs as black acicular crystals, up to 5 mm long, associated with rouxelite, robinsonite, sphalerite, valentinite, baryte, dolomite, quartz and Ba-rich K-feldspar ('hyalophane') in metadolostone vugs. (Sb, As) 30 S 72 O, with a single oxygen atom bound to two (Sb/As) atoms alternating with a vacancy along b as in scainiite and in other Pb oxy-sulfosalts. The crystal chemistry of this 8 Å crystal structure is detailed, taking into account its modular description, the (Sb,As) m S n polymerization, its topological derivation from pellouxite, and the oxygen non-stoichiometry.
Introduction
LEAD-antimony oxy-sulfosalts are a restricted group of minerals found in very few localities worldwide. Their origin is related to restricted f O 2 /f S 2 conditions allowing the formation of oxidesulfide structures. To date, species belonging to this group of sulfosalts have been described only from Italy and Slovakia (Table 1) .
The first Pb-Sb oxy-sulfosalt to be described was scainiite (Orlandi et al., 1999) from the Buca della Vena mine, Apuan Alps, Tuscany, Italy, a small mine exploiting a baryte, pyrite and iron oxides (magnetite, hematite) deposit. Some years later, other new oxy-sulfosalts were described from the Apuan Alps; then, the same species were identified in some Slovakian ore deposits.
Chovanite was the only new Pb-Sb oxy-sulfosalt first found in Slovakia, in three Sb deposits, Dúbrava, Malé Železné and Klačianka, in the Low Tatra Mountains (Topa et al., 2012) . At these localities, chovanite occurs as irregular aggregates up to 1 cm in size, associated intimately with other Pb-Sb sulfosalts, among which are scainiite and pellouxite. A first structural solution of chovanite, described initially as an unnamed mineral, was proposed by Makovicky and Topa (2009) ; owing to the bad quality of the available grain, the final R 1 converged to 23.4%. The finding of a better crystal allowed Topa et al. (2012) to refine the 4 Å crystal structure down to 9.7%. Such a relatively high R factor is similar to those obtained for other complex Pb sulfosalts (see table 2 in Moëlo et al., 2012) .
In recent years, the discovery in the Apuan Alps of an unexpected thallium mineralization at the Monte Arsiccio mine, as well as the finding of a complex Pb-Ag sulfosalt mineral association at the neighbouring Pollone mine, spurred on the research into the mineralogy of these localities, resulting in the description of rare and new mineral species. These studies include the identification of two new occurrences of the oxy-sulfosalt chovanite. Such new findings show some crystal-chemical peculiarities with respect to the Slovakian chovanite. In addition, whereas Makovicky and Topa (2009) found no X-ray reflections indicating the doubling of the 4 Å parameter, suggested by some structural features [e.g. mixed (Pb/Sb) sites, partially filled O site], chovanite from the Apuan Alps allowed the solution and description of the 8 Å crystal structure of this very complex sulfosalt.
In this paper new crystal-chemical data on chovanite are presented and its 8 Å structure is detailed according to the principles of modular analysis.
Geological setting and chovanite occurrences
The Monte Arsiccio and Pollone mines are located in the northeastern and southwestern portions of the Sant'Anna tectonic window (southern Apuan Alps, Tuscany, Italy), respectively, and belong to a baryte + pyrite ± iron oxides ore district embedded within a metavolcanic-metasedimentary sequence of Paleozoic age, near the contact with the Triassic metadolostone belonging to the Grezzoni Formation. These rocks have been affected by greenschists-facies metamorphism during the Alpine event; the Paleozoic basement is probably also affected by the Variscan orogeny. The geological setting of these ore bodies has been discussed by several authors (e.g. Costagliola et al., 1990; Costagliola et al., 1998; Biagioni et al., 2016a) . Sulfosalt assemblages have been found at both localities, in different kinds of occurrences. At Monte Arsiccio, Biagioni et al. (2014a) described three kinds of sulfosalt occurrences: (1) microcrystalline baryte + pyrite; (2) pyrite-rich metadolostone; and (3) carbonate + baryte + quartz veins embedded in the metadolostone. At the Pollone mine, sulfosalts have been found both as scattered crystals within the granoblastic baryte + pyrite ore bodies and in quartz + baryte veins embedded in the schist and, more rarely, in the baryte + pyrite ore bodies.
At Monte Arsiccio, chovanite was identified as thin, ribbon-like crystals, black in colour, up to 5 mm long and a few μm thick. Usually crystals are curved, rarely forming μm-sized rings (Fig. 1a-c) . Chovanite occurs in type (3) occurrences, in vugs, associated with (Tl,Ag)-bearing rouxelite, robinsonite, sphalerite, valentinite, baryte, dolomite, quartz and Ba-rich K-feldspar ('hyalophane'). Up to now, only few specimens of chovanite from this mine have been found.
At the Pollone mine, chovanite was identified on a specimen collected in 2007 from a cavity in a baryte + pyrite lens. It occurs as thick acicular crystals, up to 1 cm long, associated with quartz and tabular crystals of baryte (Fig. 1d ). In the same baryte + pyrite lens, sterryite and zinkenite have been also identified, associated with sphalerite.
Chemical analyses

Chovanite from Monte Arsiccio
Two chemical analyses were performed on chovanite from Monte Arsiccio. The first one was 
Chovanite from Pollone
The crystal used for the crystal-structure solution (see below) was used for electron microprobe analysis (EMPA) with a CAMEBAX SX 100 electron microprobe ('Microsonde Ouest' laboratory, IFREMER, Plouzané, France). 73.05 . On the basis of the general formula, such a Pb/(Sb + As) at. ratio corresponds to an O content of 1.20 apfu. The S excess of the formula (∼1 apfu) is probably an analytical artefact, and is not supported by the crystal-structure analysis.
X-ray crystallography
Crystals of chovanite from the Monte Arsiccio and Pollone mines were identified initially through powder X-ray diffraction using a 114.6 mm Gandolfi camera with Ni-filtered CuKα radiation. Selected crystals of chovanite from both occurrences were tested through single-crystal X-ray diffraction, in order to verify their quality. In the following the data collections and refinements are described. In both cases, scattering curves for neutral atoms were taken from the International Tables for Crystallography (Wilson, 1992) .
Chovanite from Monte Arsiccio
Samples from Monte Arsiccio gave poor diffraction patterns, owing to their polycrystalline nature and their typically bent morphology. Oscillation photographs collected with a Weissenberg camera showed the presence of very weak reflections doubling the b parameter. An intensity data collection was attempted, using a BrukerNonius Kappa CCD diffractometer and graphitemonochromatized MoKα radiation. Although many crystals were examined, none showed a good diffraction pattern. Nevertheless, one of them was used for a preliminary single-crystal X-ray study. A set of 1087 frames was collected with a rotation of 0.6°and an exposure time of 18 s per frame. The crystal-to-detector distance was 45.90 mm. The data were corrected for the Lorentz-polarization factor and absorption. Unitcell parameters are a = 48.38(5), b = 4.11(4), c = 34.18(4) Å, β = 106.26(2)°, V = 6521(64) Å 3 , space group C2/m.
The crystal structure was refined using Shelxl-97 (Sheldrick, 2008) starting from the atomic coordinates of chovanite given by Topa et al. (2012) . Owing to the poor quality of the available crystal, the final R 1 value converged to 0.235% for 2118 reflections with F o > 4σ(F o ) and 0.600 for all 15,768 independent reflections. Only the cation displacement parameters were refined anisotropically. The site occupation factor (s.o.f.) and the isotropic displacement parameter at the O site were fixed at 0.25 and 0.050 Å 2 , respectively. Owing to the low quality of the crystal-structure refinement and the average nature of the refined structure, the location of the minor components could not be determined accurately. Minor Ag could be hosted at mixed/split (Pb/Sb) sites. Thallium could be hosted at the largest Pb site, i.e. Pb7 (see the structure of the Pollone sample); the site occupancy at this position has been fixed at (Pb 0.50 Tl 0.50 ), taking into account the site multiplicity. Arsenic could be hosted at the Sb positions with the highest bond-valence sums (BVS). Some attempts were made to refine Sb vs. As at some of these sites, but only the Sb8 site resulted in being partially occupied by As, with a s.o.f. of Sb 0.65(8) As 0.35(8) . The resulting X-ray formula of chovanite from Monte Arsiccio is TlPb 26.14 Sb 30.16 As 0.70 S 72 O (Z = 2), with an Ev(%), as defined in the footnote of Table 2 , of -0.08. Owing to the poor quality of this structural data, the corresponding crystallographic information file is not deposited.
Chovanite from Pollone
An intensity data collection was performed using a Bruker Smart Breeze single-crystal diffractometer equipped with an air-cooled CCD detector, with graphite-monochromatized MoKα radiation. The detector-to-crystal distance was 50 mm. A total of 2076 frames were collected using ω and j scan modes, in 0.3°slices, with an exposure time of 45 s per frame. Data were corrected for the Lorentzpolarization factor, absorption and background, using the software package Apex2 (Bruker AXS Inc., 2004). The very good quality of the chovanite crystal studied allowed not only the collection of the 4 Å reflections, but also of the 8 Å superstructure reflections.
The 4 Å structure was refined starting from the atomic coordinates given by Topa et al. (2012) . Unit-cell parameters are a = 48.076(4), b = 4.1021(4), c = 34.050(3) Å, β = 106.266(4)°, V = 6446.3(10) Å 3 , space group C2/m. After several cycles of isotropic refinement, the R 1 value converged to 0.134, thus indicating the correctness of the structural model. Some differences in the s.o.f. of some mixed and/or split sites occur. The Pb3 site is a pure Pb site in chovanite from Pollone, whereas it is a split Pb3/Sb2 site in type chovanite. Similarly, the split pair Sb18/Sb19 in type chovanite is represented by a single pure Sb site (Sb18) in the chovanite studied. On the contrary, whereas Pb12 is a pure Pb site in the Slovakian material, it is split into two sub-positions Pb12a/Sb12b in the Tuscan sample. Other differences are related to the split nature of the Pb7 and Sb16 positions. The Pb7 site is split into Pb7a and Pb7b sub-positions; the latter could probably host the minor amount of Tl (∼0.30 apfu) observed in this sample. The s.o.f. of the Sb sites having the highest BVS was refined using the scattering curves of Sb vs. As. The s.o.f. at the O site was refined freely, fixing the isotropic displacement parameter at 0.050 Å 2 . After several cycles of refinement, an anisotropic model for all the atom positions (except the O position) allowed the refinement to converge to R 1 = 0.055 for 8734 reflections with F o > 4σ(F o ) and 0.093 for all 13,061 independent reflections. The X-ray formula of the average structure is Pb 26.57 Sb 29.26 As 2.17 S 72 O 0.96 (Z = 2), with Ev(%) = +1.03. With respect to the chemical formula, the As content is significantly underestimated, 2.17 apfu vs. 5.20 apfu from the EMPA data. Moreover, the [Pb/(Sb + As + Bi)] at. ratio is 0.845, lower than that obtained from chemical analysis, i.e. 0.879. It corresponds to an underestimation of Pb and an overestimation of Sb in the crystal-structure refinement. In our opinion, this could be due to the average nature of the refined structure. In fact, when refining mixed (Pb/Sb) sites, it is not possible to take into account the possible As-toSb substitution. In these cases, the refined (Pb/Sb) atomic ratio overestimates the Sb content. Considering the metal positions, the total number of electrons per formula unit (epfu) is 3742.6, comparable with the value calculated from chemical data, i.e. 3711.2 epfu, with a difference of +0.85%.
Taking into account the 8 Å structure, the statistical tests on the distribution of |E| values (|E 2 -1| = 0.941) and the systematic absences suggested the space group P2 1 /a, transformed into the conventional P2 1 /c space group through the matrix [001|010|100], with unit-cell parameters a = 34.052(3), b = 8.2027 (7), c = 48.078(4) Å, β = 106.258(4)°, V = 12891.9(19) Å 3 . The crystal structure was solved and refined using Shelx-97 (Sheldrick, 2008) . Direct methods revealed most of the metal positions. In subsequent cycles of refinement, the positions of additional metals as well as ligands were found through differenceFourier maps. The 8 Å structure of chovanite agrees with the main features of the 4 Å sub-cell structure described by Topa et al. (2012) . Fifty-eight metal positions and seventy-three anion sites have been located. On the basis of bond-valence calculations, mixed (Pb/Sb) and (Sb/As) sites have been identified and their s.o.f. were refined using the scattering curves of Pb vs. Sb and Sb vs. As. After several cycles of isotropic refinement, the R 1 value converged to 0.128; introducing the anisotropic displacement parameters, the R 1 lowered to 0.0925. One S position, S12, was found to be split into two sub-sites, S12a and S12b. Finally, an additional maximum was found in the difference-Fourier map, corresponding to the O atom, that was refined isotropically. The final R 1 value is 0.091 for 19,853 reflections with F o > 4σ(F o ) and 0.209 for all 46,608 independent reflections. The X-ray formula is Pb 27.29 Sb 26.24 As 4.47 S 72 O 0.89 (Z = 4), with an Ev(%) = +0.64. The chemical formula obtained during the refinement of the 8 Å structure has a Pb content closer to the value obtained through EMPA, though the underestimation of the As content is still not negligible (4.47 apfu vs 5.20 apfu from EMPA data).
The experimental and refinement details for the 8 and 4 Å structures of chovanite from the Pollone mine are reported in Table 3 . Atomic coordinates and bond distances for both structures are reported in the crystallographic information files which have been deposited with the Principal Editor of Mineralogical Magazine and are available from http://www.minersoc.org/pages/e_journals/dep_ mat_mm.html. The unit-cell content of chovanite is shown in Fig. 2 . In the following, only the 8 Å crystal structure is described.
Crystal structure of chovanite
Cation coordinations and site occupancies
Among the 58 metal positions occurring in the crystal structure of chovanite, there are 24 pure Pb sites, nine mixed (Pb/Sb) positions, 13 pure Sb sites, two pure As and ten mixed (Sb/As) sites. Table 4 gives the average <Me-S> distances and the bond-valence sums (BVS). The coordination polyhedra of Pb agree with the description given by Topa et al. (2012) for the 4 Å structure of chovanite. They can be described as mono-, bi-, and tricapped trigonal prisms, both 'standing' or 'lying-down'. The polyhedra around pseudotrigonal axes are bicapped 'standing' prisms. Only the Pb13 (actually a split pair Pb13a and Pb13b) and Pb14 sites show a tricapped 'standing' prismatic coordination. These sites are the largest ones and could host the minor amounts of Tl detected in chovanite from the Pollone mine, in agreement with their relatively low BVS values. Indeed, BVS values range between 1.43 valence units (vu) at the Pb13b site (if a full occupancy is assumed) and 2.24 vu at the Pb43.
Mixed (Pb/Sb) sites have a monocapped trigonal prismatic coordination; they are actually square coordination pyramids completed by two additional S atoms under their base. Three sites have Pb > Sb, whereas six have Sb > Pb. The site occupancies at these positions were refined assuming a complete site occupancy.
Taking into account the shortest ( = strongest, Me-S < ∼2.70 Å) bonds, pure Sb and As, as well as mixed (Sb/As) sites, usually display typical trigonal pyramidal coordinations. Different coordinations are shown by Sb24, As45 and Sb46 sites. The first one has two bonds shorter than 2.70 Å and two bonds between 2.80 and 2.85 Å, and it represents a mean position (see below). As45 and Sb46 have only two short Me-S bonds, with both S anions having similar y coordinates. The third bond is formed with an oxygen atom.
As stated above, the As vs. Sb content in mixed sites was refined using the scattering curves of Sb and As. Consequently, As is underestimated with respect to the results of EMPA, i.e. 4.47 apfu vs. 5.20 apfu. Bond-valence sums range between 2.65 (Sb50) and 3.26 vu (Sb22). Interestingly, the calculation of the As-to-Sb atomic ratio in mixed (Sb/As) sites using the bond-valence approach results in 5.08 As apfu, close to the value obtained through EMPA.
The site occupancy at the O site was refined freely, pointing to a s.o.f. = O 0.89(4) , thus agreeing with a full-occupancy at this position. The bonding environment of the oxygen atom in chovanite is illustrated in Fig. 3 . Oxygen is bonded strongly to two (Sb/As) atoms and forms weak bonds with two Pb atoms. The BVS for oxygen, calculated by using the bond parameters proposed by Brese and O'Keeffe (1991) , Mills et al. (2009) and Krivovichev (2012) -O bonds, respectively, is 2.10 vu. This oxygen atom alternates with a vacancy along b (see 'Discussion' below).
Modular description of the 8 Å crystal structure
The 4 Å crystal structure of chovanite was described as an unknown mineral by Makovicky and Topa (2009) on the basis of the general approach developed by Makovicky (1993) for sulfosalts with rod-based structures related to the SnS and PbS archetypes. As shown in Fig. 4 , three modules were distinguished: two rods (A and B) and a (001) rod-layer C, which can be subdivided into two rods, C1 and C2. The interfaces between these modules present S atoms (H-type surface) in front of Pb and S atoms (Q-type surface). Lead atoms are protruding, and bound to S atoms of the H surface. Each module is constituted by two-atomthick ribbons of the SnS archetype (two ribbons in A and C, four in B). Lone 5s electron pairs of Sb atoms are directed towards the space between SnStype ribbons, constituting the so-called electronpair micelles. According to Makovicky (1985) , ribbon interfaces in these modules correspond to projections of the SnS archetype structure on (001) for ribbon A, and on (010) for ribbon B and rodlayer C.
On the basis of this modular description, Makovicky and Topa (2009) integrated the chovanite structure in the large group of sulfosalts with a boxwork architecture. The boxwork organization is obtained by combining three modules, walls, partitions and fill elements, corresponding in chovanite to C, A and B modules, respectively. In chovanite from Pollone, the composition of ribbon A ( partition) is Pb 5 (Sb 1.55 Pb 0.45 ) Σ2 Sb 4 (Sb 0.91 As 0.09 ) Σ1 S 16 ( = Me 12 S 16 ), similar to that found in rod A of scainiite (Moëlo et al., 2000) and pellouxite 
(Sb,As) m S n polymerization
The well-resolved 8 Å structure allows the selection of the shortest ( = strongest) (Sb,As)-S bonds (≤2.70 Å), together with short (Sb,As)-O, in order to distinguish finite (Sb,As) m S n groups ('polymers' -see for instance Moëlo et al., 2012) within the four constitutive rods A, B, C1 and C2. Frequently, these polymers also contain mixed (Sb, Pb) positions; when Pb is present on these positions, it will break the polymer into shorter (Sb,As) m S n groups. For instance, in C2 (see below), the Sb(Sb,As)(Sb,Pb)S 7 trimer will give two monomers (Sb,As)S 3 and SbS 3 .
A rod -in Fig. 5 (from left to right) there are a trimer Sb 3 S 7 , a group SbS 2 and a trimer (Sb,As)(Sb, Pb) 2 S 7 . This last group is connected to the dimer Sb (Sb,As)S 2 O of the C2 rod through S51 and S52. In the SbS 2 group, Sb24 corresponds to a mean position: a shift towards S25 will give the tetramer Sb 4 S 9 , while the opposite shift towards S28 will give the tetramer Sb(Sb,As)(Sb,Pb) 2 S 9 .
B rod - Fig. 6a represents the central ribbon. It forms two infinite, Pb-rich chains, -Sb(Sb,As)(Pb, Sb) 2 S 7 -and -(Sb,As) 2 (Sb,Pb) 2 (Pb,Sb)S 8 -. Fig. 6b represents the lateral ribbon. It is constituted by two (Sb,As)S 3 monomers and one Sb 2 S 4 dimer. C1 rod -in Fig. 7a two trimers are present: Sb 3 S 7 and As(Sb,As) 2 S 7 .
C2 rod -in Fig. 7b four polymers are present, i.e. from right to left: a monomer AsS 3 ; a dimer Sb(Sb, Pb)S 4 ; a trimer Sb(Sb,As)(Sb,Pb)S 7 ; and an infinite chain -Sb(Sb,As)(Sb,Pb)S 4 O-. As indicated above, this chain is the result of the connection of the dimer Sb(Sb,As)S 2 O with rod A through S51 and S52.
As-versus-Sb distribution
Comparison of Figs 4 to 7 shows a partitioning of As among rods as well as among polymers: arsenic is absent in rod A (the only one organized according to (001) SnS -see above), and it is concentrated in the C rod-layer; when present in a rod, As is concentrated as As-pure or As-rich peripheral sites; and when present in a trimer, As is concentrated in its extremities (Fig. 7a) .
This As-vs.-Sb partitioning obeys steric constraints, as exemplified in the structures of sterryite and parasterryite (Moëlo et al., 2012) .
Waffle-type layering
Another approach of modular analysis has been proposed on the basis of the structure of the first Pb oxy-sulfosalt, scainiite (Moëlo et al., 2000) . Taking into account principally weakly bound ribbon interfaces with lone electron-pair micelles permits the structure of chovanite to be cut through undulating surfaces that delimit (102) layers of the waffle (or palisade) type (Fig. 4) . These layers are formed by complex columns joined along [201] , with the following characteristics: (1) B rods constitute the column hearth; (2) columns are connected through the C1 ribbon. Its electron micelle separates two symmetrical pseudo-trigonal modules of the Ba 12 Bi 24 S 48 type (Fig. 8a) , as in scainiite and other Pb oxy-sulfosalts. One of the three arms of these modules is truncated by the 9-coordinated sites Pb13a/b and Pb14. (3) Layers are stacked along a through the A lone electron-pair micelles and along c through the C2 lone electronpair micelles. All the Pb oxy-and chloro-sulfosalts which can be described using this scheme according to an increasing size are in Fig. 9 and Table 5 : synthetic (Pb,Mn,Sb) oxy-chloro-sulfide (Doussier et al., 2007) , pillaite, scainiite, pellouxite and chovanite. Layer stacking is controlled by the type(s) of the SnS interfaces on the two distinct flanks of each column.
This approach, complementary to Makovicky's approach, is useful in order to understand the crystal-genetic process of building such crystal structures, through an increasing level of organization, as proposed for sterryite and parasterryite (Moëlo et al., 2012) . It is similar to the general scheme developed by Hawthorne (2014) for oxysalt structures.
Topological derivation of chovanite from pellouxite
Makovicky and Topa (2009) have shown the close structural affinity between chovanite and another Pb oxy-chloro-sulfosalt, pellouxite. In their fig. 9 , they delimit chovanite into large lozenge blocks separated along (100) by a zig-zag layer passing through B and C2 modules. In pellouxite, more or less the same blocks are present, but without such a zig-zag layer: chovanite is a pseudo-expanded homologue (so-called 'plesiotype' -Makovicky, 1997) of pellouxite. According to this derivation, one has b (chov.) = 8.2027Å ∼ 2b ( pell.) = 8.1784Å; c (chov.) = 48.078 Å ∼ 2c ( pell.) = 48.258 Å.
The expansion direction corresponds to 001 periodicity of chovanite (32.690 Å), compared to the 002 periodicity of pellouxite (25.666 Å), i.e. a relative increase of ∼27.37%, compared to the volume increase (27.27%).
Another representation of this geometric derivation is given in Fig. 10a , where the zig-zag layer is replaced by a reasonably plane layer. Comparison of this figure with that of pellouxite (Fig. 10b) enables the topological derivation of chovanite from pellouxite to be described. In the intercalated layer two fragments alternate: a C2 fragment, four-atoms-thick along the expansion direction, with composition Me 8 S 8 , and a B fragment, two-atoms-thick, with composition Me 6 S 8 . The Pb14 site (or its equivalent Pb13a/Pb13b pair), with tricapped triangular prismatic coordination (Fig. 8a) , is replaced in pellouxite by two sub-sites Pb6 (bicapped triangular prismatic) and (Cu,Ag) (tetrahedral) (Fig. 8b) . The six S atom pairs surrounding Pb14 and Pb13a/b are the equivalent of the five S atoms and the mixed (S,Cl) atom surrounding Pb6 and (Cu,Ag). Figure 10a shows that, in the intercalated layer, the C2 fragment is thicker than the B fragment. Intercalation of this layer of unequal width in the structure of pellouxite is associated with a shear in a plane sub-parallel to the expansion direction (red tie-line). This shear passes through the electron micelle of the C1 rod; it is an oblique shear of ∼2 Å along b and in the (010) rod is of the (010) SnS type, it is of the (001) SnS type in the equivalent rod of pellouxite. This shear also induces the compression of the site pair Pb/(Cu,Ag) of pellouxite, to give a unique site Pb14 (or Pb13). Another consequence of this shearing is a small stretching of the waffle-type layers, and thus a significant decrease of the β angle, from β ( pell.) = 113.14°down to β (chov.) = 106.26°. Correlatively, the next intercalated layer is shifted along c, in such a way that along a the thicker C2 fragment is in front of the B fragment. This topological derivation of chovanite from pellouxite easily permits its chemical derivation. Slovakian chovanite is ideally a pure Pb-Sb sulfosalt, with only minor amounts of Hg (up to 0.15 wt.%), Bi (up to 0.15 wt.%), Ag (up to 0.07 wt.%), Fe and Cd (both up to 0.02 wt.%). Sulfur could be partially replaced by very low amounts of Se, Te and Cl. Neither As or Tl have been detected in type material. The two new occurrences from the Apuan Alps display a larger chemical variability, containing detectable amounts of Ag, As and Tl. Owing to its high Tl content, the sample from Monte Arsiccio can be indicated conveniently as Tl-bearing chovanite. In the 8 Å crystal structure of chovanite, Pb14 and Pb13a/b, resulting from the 'compression' of the (Cu/Ag) and Pb6 sites of pellouxite, have the highest coordination number (9) Monte Arsiccio has a similar unit-cell volume, 6521(64) Å 3 . The volume decrease related to the As-to-Sb substitution, as well as to the highest oxygen content, linked to Sb-to-Pb substitution, is balanced by Tl. In fact, the volume of the unit TlSbS 2 (weissbergite) is ∼2% larger than that of Pb 2 S 2 (galena). The Ag content (0.30 apfu) is in keeping with the Ag-rich nature of the Monte Arsiccio ore deposit, as shown, for example, by the Ag-rich nature of rouxelite, found in the same occurrence as chovanite (Biagioni et al., 2014a) .
Arsenic, not detected by Topa et al. (2012) , is present in both the occurrences, being enriched particularly in the sample from the Pollone mine, as stressed by the significant volume contraction (-1.08% with respect to type chovanite, taking into account the sub-cell volume). Several (Ag)-Pb/SbAs sulfosalts have been found at this locality, e.g. members of the geocronite-jordanite series, sterryite, parasterryite, carducciite, meerschautite and polloneite (Moëlo et al., 2011; Biagioni et al., 2014b Biagioni et al., , 2016a Topa et al., 2015) . The Tl content of chovanite from the Pollone mine is lower than that at Monte Arsiccio but not negligible (0.30 apfu); curiously, notwithstanding the Ag-rich nature of the sulfosalt assemblage at the Pollone mine, the Ag content is low, suggesting the preferential partitioning of this element in coexisting sterryite with respect to chovanite. The ideal stoichiometric chemical formula of As-rich chovanite from the Pollone mine is Pb 28 (Sb 25 As 5 ) Σ30 S 72 O.
Crystal-chemical role of oxygen
The alternation of the oxygen atom with a vacancy along b is represented in Fig. 11 . This kind of configuration is topologically identical to those observed for the O3 isolated oxygen position in scainiite, and the single oxygen position in a synthetic (Pb,Mn,Sb) oxy-chloro-sulfide (Doussier et al., 2007) . The same configuration is reported in pillaite, pellouxite and meerschautite Palvadeau et al., 2004; Biagioni et al., 2016b) . Whereas in scainiite, pillaite, pellouxite and the synthetic (Pb,Mn,Sb) oxy-chloro-sulfide oxygen is bonded to pure Sb sites, in chovanite from the Pollone mine, this anion is bonded to a pure Sb site and a mixed (As,Sb) site, with As45-O and Sb46-O distances of 1.91(2) and 1.96(2) Å, respectively. The As45-O-Sb46 angle is 140.3(8)°. A similar bonding scheme was reported for meerschautite, where oxygen is bonded to a pure Sb site and a mixed (Sb,As) site (Biagioni et al., 2016b) . Since the first definition given by Moëlo et al. (2000) on the basis of the scainiite structure, the kermesite-like configuration ( fig. 3 of these authors) proved to be essential in stabilizing a series of complex Pb-Sb oxy-sulfosalts. Usually, Me 3+ atoms (Me = Sb, As) are characterized by a triplet of short Me 3+ -anion bonds (triangular pyramidal coordination). In the kermesite-like configuration with an isolated oxygen atom, only two short Me-S bonds occur, the third one being represented by a Me-O bond, with the oxygen atom above or below the Me 3+ atom, along the rod extension (Fig. 11) . Owing to bond-valence requirements, in such a configuration the occurrence of an oxygen atom (full site) alternating with a vacancy is necessary. Correlatively, a short Sb-Sb or Sb-(Sb/As) distance (∼3.6-3.8 Å -oxygen atom present) alternates with a long one (∼4.5-4.6 Å -oxygen atom absent).
The total amount of negative charges in chovanite should be -146, owing to the presence of 72 S and one O atom. Consequently, the (Pb/Sb) atomic ratio, ignoring the chemical variability discussed in the previous paragraph, should be fixed, i.e. 28 Pb and 30 (Sb + As) atoms with ideal formula Pb 28 Sb 30 S 72 O. The samples of chovanite from the Apuan Alps show a Pb and (Sb + As) content, corrected for the occurrence of minor substituents, close to this ideal atomic ratio, even if a (Pb/Sb) at. ratio a little lower than the ideal one was observed (Table 2 ). This deviation from ideality is compatible with experimental uncertainties.
On the basis of EMPA of chovanite from the three Slovakian occurrences, carried out at different laboratories, Topa et al. (2012) 
Comparison between 8 and 4 Å crystal structures
Many Pb-Sb sulfosalts display a pronounced ∼4 Å sub-cell, giving rise to a set of strong X-ray reflections, and an 8 Å cell, originating weaker superstructure reflections. The occurrence of the superstructure reflections is due to modifications of the 4 Å structure related to chemical substitutions, to the occupation of different positions in coordination polyhedra, or to the occurrence of vacancies. Makovicky et al. (2006) discussed the amount of TABLE 6. Comparison between site occupancies and BVS (in vu) in the 4 Å sub-structure and 8 Å structure of chovanite. BVS for the 8 Å structure are given in Table 4 . information lost by analysing only the 4 Å structure with respect to the 8 Å superstructure in dadsonite. They observed that the 4 Å structure suggests the main structural features, but it does not allow an accurate examination of coordination and occupancy at Sb and mixed (Pb/Sb) sites. Among sulfosalts with boxwork structures, only the 8 Å structures of scainiite and vurroite are known (Moëlo et al., 2000; Pinto et al., 2008) . In fact, the 8 Å structure of vurroite is a sub-structure of a larger unit cell. Chovanite adds to this restricted group. Using the 4 Å sub-set of reflections, the crystal structure of the sub-cell of chovanite from the Pollone mine has been refined, as described above, allowing its comparison with the 8 Å structure. The comparison between s.o.f. and BVS in the 4 Å and 8 Å structures is given in Table 6 . As observed in other 4 Å structures (e.g. in pillaite - Meerschaut et al., 2001) , the BVS at Pb sites are close to the ideal value, 2 vu; on the contrary, the BVS at (Sb/As) sites are usually low, ranging from ∼2.40 to ∼2.80 vu. In addition, the BVS at the O site is 1.30 vu, indicating that the Sb-O bond distances are too long. In agreement with Moëlo et al. (2000) , this bond-valence deficit is probably due to the imprecision in the relative positions between (Sb/As) and ligands, indicating that their coordinates are average positions. Taking into account the site occupancies, mixed (and sometimes split) (Pb/Sb) or (Sb/As) sites in the 4 Å structure could correspond to the alternation, in the 8 Å superstructure, of pure Pb and Sb as well as Sb and As sites. However, this is not a general rule and the knowledge of the sub-structure can only suggest the real 8 Å structural features. For example, in the 4 Å crystal structure of chovanite from the Pollone mine there are some split Pb/Sb sites with a s.o.f. close to (Pb 0.5 Sb 0.5 ), e.g. the Pb1/Sb1 and Pb15/ Sb17 pairs. Some of them correspond to the alternation of pure (or nearly pure) Pb and Sb sites along the rod elongation (the pair Pb1/Sb1), whereas others are the results of the alternation of mixed (Pb/Sb) sites with different (Pb/Sb) at. ratios (the pair Pb15/Sb17). Consequently, only the solution of the 8 Å structure could reveal the actual structural arrangement of these phases, even if the solution of the 4 Å sub-structure shows the general features of such complex compounds.
Conclusion
Chovanite is the third oxy-sulfosalt reported from the Pollone and Monte Arsiccio mines, following the description of the new mineral species meerschautite (Biagioni et al., 2016b) and that of (Tl,Ag)-bearing rouxelite (Biagioni et al., 2014a) . With respect to the type description, chovanite from the Apuan Alps shows a more complex crystal chemistry, with Tl (at Monte Arsiccio) and As (at the Pollone mine) occurring in detectable amounts. Thus, chovanite is a new example of a Tl-bearing Pb-(Sb/As) sulfosalt. This is a further illustration of the complex and highly variable ore geochemistry of the Apuan Alps hydrothermal veins, where minor elements (in this case, oxygen), filling specific atom positions, stabilize very sophisticated crystal structures.
